In the piping system of power plants, pipe wall thinning caused by flowaccelerated corrosion (FAC), liquid droplet impingement (LDI) erosion, and cavitation Erosion (C/E), is a very serious problem because it leads to serious damage and eventual destruction of the piping system
Introduction
In the piping system of power plants, chemical plants, etc pipe wall thinning due to flow-accelerated corrosion (FAC), liquid droplet impingement (LDI) erosion and cavitation erosion (C/E) is a very serious problem because it leads to serious damage and the eventual destruction of the piping system [1] - [6] .
In this study, pipe wall thinning due to FAC in the downstream of an orifice nozzle (flow meter) was investigated and an experimental simulation was performed using tap water, a pipe with inner diameter D = 40.0 mm, and various types of orifice nozzles (Fig.1) . The characteristics of FAC, its generation mechanism, and the estimation of the wall thinning rate and the reduction of pressure fluctuation were clarified by experimental analyses.
FAC can be caused by complex factors including mechanical erosion and electromechanical or electrochemical corrosion; however, the pipe wall surface that has undergone FAC exhibits a scale-like, flaky pattern ( Fig.1) , and hence, through a simulation, we can construe that one of the major reasons could be mechanical erosion. In general, it has been explained that FAC in the downstream of an orifice nozzle is mainly caused by the effects of flow fluctuation, which can be expressed by turbulent kinetic energy, near the wall; moreover, estimation of the thinning rate has also been performed [1] . However, measuring the turbulent kinetic energy is usually slightly troublesome, and hence, we propose the measurement of pressure fluctuation p' instead of the turbulent kinetic energy k because of a relationship between p' and k [8] - [10] . It is easy to measure p' on the pipe wall using a semi-conductor-type small pressure sensor. The corrosion pattern on the pipe wall was also examined in the experimental simulation. The simulation clarified that the occurrence of pipe wall thinning mainly depended on the amount of p'. It was also found that the thinning rate can be estimated by p', and that the suppression of p' can be realized by replacing the orifice nozzle with a tapered one having an angle α to the upstream. For example, α = 30° reduced p' by approximately 20% for the Reynolds number Re = u m D/ν = 5.0×10 4 , where u m and ν are the mean velocity in a pipe of D and kinematic viscosity of water, respectively, and the contraction area ratio of the orifice nozzle CR = 0.14. This suppression of p' leads to a reduction in the wall thinning. The results of the relationship between p' and the thinning rate were also shown. Figure 2 shows a schematic diagram of the experimental set-up. A pump ② was used to send the necessary amount of water through an electromagnetic flow meter ④ into a pipe test section; the pipe test section was made of transparent acrylic resin, had total length of L = 2650 mm, and was set vertically. An orifice nozzle ⑧ was set at 40D downstream of the test section. The water passing through the test section flowed back to the water tank ① and circulated. A portion of the water in the tank was continuously replaced to maintain the water at a constant temperature. The pressure fluctuations in the test section due to pump operation did not appear because of a long pipe line to the test section and by-path line after the pump and inverter control of pump. Top view
Experimental Apparatus and Procedure
The mean and fluctuating pressure distributions on the pipe wall in the up-stream and down-stream of the orifice were measured using small pressure holes of diameter 0.8 mm, a water column manometer ⑦ and a semi-conductor-type small pressure transducer (JTEKT, PD104SW-100K) ⑨ . The related pressure and primary resonance frequency of the transducer is 100kPa and more than 6kHz, respectively. The measurement time of the pressure fluctuation p' was 2.5 seconds and the average value of 10 times measurements was used.
The visualized flow was achieved by a tracer method using small plastic beads with a diameter approximately 0.1mm and density of 1.01 and a laser (Ar, 3 W) light sheet ⑤; this visualized flow was recorded using a high-speed video camera ⑥ and processed by particle image velocimetry (PIV) to obtain the velocity vectors of the flow field. The results were used for the detailed understanding of the flow state. Figure 3 shows a standard orifice nozzle (hereafter referred to as Std) and and the x-y coordinate system. The contraction area ratio of the orifice nozzle was CR = 0.14, the inner diameter of the nozzle and pipe had constant value of d = 15.0 mm and D = 40.0 mm, respectively, the plate thickness was t = 4.0 mm, and the clearance angle of the outflow side was constant at 45°.
A special orifice nozzle used to reduce the flow fluctuation in the downstream of the orifice is shown in Fig.4 . The special orifice nozzle had a taper angle of α = 20° to the down-stream and up-stream, hereafter referred to as Sp20 and Sp20-rev, respectively. Special orifice nozzles having other taper angles such as α = 30° and 45° were also used. An orifice nozzle having CR = 0.36 was also used. Figure 5 shows the flow rate coefficient C of the orifice nozzle with CR = 0.36. The pressure loss (p 1 -p 2 ) was obtained from a pressure difference between the pressures on the pipe wall at 10 mm up-stream and down-stream of the orifice nozzle. For Std, C had a constant value of 0.686 in the range of 1.0×10 4 ＜Re＜6.5×10 4 , this result agrees with the specification that the measurement error for the maximum value was within ± 0.5%. Sp20 and Sp20-rev also showed constant value of C, and they can also be used as orifice flow meters. However, the value of C for Sp20-rev was much larger than that for the other orifice nozzles because its flow passage and orifice entrance had a gradual contraction. Similar results were obtained for the orifice nozzle with CR = 0.14. [2] performed the experimental and numerical analyses of the turbulent kinetic energy k in the downstream of an orifice nozzle, and they showed that the pipe wall thinning rate TR (Fig.7) depends on k near the wall and is maximum where k is maximum, (0.4～0.7) y R . Figure 7 shows the results of wall thinning in A-and B-piping systems, which are condensing unit and an orifice flow meter, respectively. Although these results are interesting, in general, it is not so easy to measure the distribution of k distribution in the downstream of an orifice nozzle.
Results and Discussion
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Parenthetically, it is well known that there is some correlation between k near the pipe wall and the pressure fluctuation p' [8] - [10] : hence, the use of p' was preferred over k because it is much easier to measure p' than k. CR=0.14 (a) Std energy near the wall around (p' rms ) max for Sp20-rev was less than that for Std. The results for CR = 0.36 were almost the same as the above mentioned results for CR = 0.14. Figure 11 shows the relationship between (p' rms ) max and the mean velocity u m . The results for the orifice nozzle with α = 30° and 45° are also shown. (p' rms ) max increases quadratically or cubically with u m and it increases with α. Moreover, (p' rms ) max for "Sp20-rev" is much smaller than that of the other orifice nozzles at large values of u m . 
Pressure fluctuation and FAC
The relation between (p' rms ) max and u m can be well expressed by a quadratic or cubic function obtained from least squares: some of these functions are as follows. As mentioned before, (p' rms ) max for Sp20-rev is the smaller than those for Std and Sp20.
Figure12 shows the mean and fluctuating velocities, i.e., u/u m and u'/u m , respectively, at y/D = 0 for CR = 0.14. The working fluid was air, and Re was 1.0 × 10 4 ; the velocities were measured by a hot-wire anemometry and single probe. Because the profiles were symmetric, only half of the region along the radius direction x is shown. The mean velocities for Std and Sp20 were almost the same, and Sp20-rev had the lowest mean velocity. This means that the effect of the contraction rate of the flow at the orifice exit was larger for Std and Sp20 than that for Sp20-rev. The fluctuation velocity u'/u m at the shear layer for Sp20-rev was much lower than that for the others. This is the reason why Sp20-rev had the smallest (p' rms ) max . Figure 13 shows the relationship between the maximum thinning rate TR max and the mean velocity u m measured by Bignold et al. [7] and Yoneda and Morita [1] . TR max increases with u m , and their relationship can be well expressed by a quadratic function. It is known that the piping system is different between them; however, TR max and u m have some correlation. As mentioned above and from Fig.11 , (p' rms ) max can be well expressed as a quadratic or cubic function of u m. Then, from this function and the results shown in Fig.13 , the thinning rate TR max can be estimated using (p' rms ) max .
Wall thinning rate and its estimation by (p' rms ) max
TR for Sp20-rev will become much smaller than that for Std because p' rms for Sp20-rev is much smaller than that. 
Mechanism of wall thinning and the practical test
It is very difficult to perform an actual test of pipe wall thinning because such a test requires a very huge test plant, long periods of time, and high cost; hence the following simulation test was performed.
First, the grease (Shin-Etsu Silicones, HIVAC-G) was applied with a constant thickness of 0.5mm on the pipe wall in the downstream of the orifice nozzle. Then, after allowing the water to flow for 15 min at Re = 5.0 × 10 4 , the separation of grease was observed and measured using a laser displacement meter (KEYENCE, LT-8010). (a) Surface shape of grease, Sp20 (b) Actual equipment, FAC [1] Orifice plate Sp20 flow and 2.2. It is very interesting to note that a flake-like pattern with a size of a few millimeters. This pattern is considered to be caused by a mechanical force due to flow fluctuation, because this pattern was observed after a very short time, (15 min). Figure 14(b) shows the results for the actual equipment at Mihama nuclear power plant, Unit 3. The white-colored area is concave in shape. In this case as well, the flake-like pattern with a size of a few millimeters is observed. Both the results are very interesting because they suggest that one of the major reasons for FAC could be the mechanical force caused by flow fluctuation. However, this result certainly needs a more detailed examination.
Conclusions
In this study, pipe wall thinning rate TR in the downstream of an orifice nozzle was experimentally analyzed; and it was found that TR max can be estimated using the maximum pressure fluctuation (p' rms ) max and that Sp20-rev had the smallest (p' rms ) max and TR max as compared to Std.
The major results are as follows.
